Neuromedin U is a bioactive peptide isolated originally from the porcine spinal cord. We recently identified neuromedin U as the cognate ligand for the orphan G protein-coupled receptor FM-3. In this study, we isolated cDNA coding for a novel G protein-coupled receptor, TGR-1, which was highly homologous with FM-3. We found that neuromedin U specifically and clearly elevated the extracellular acidification rates, arachidonic acid metabolite release, and intracellular Ca 2؉ mobilization in Chinese hamster ovary cells expressing TGR-1. Radiolabeled neuromedin U specifically bound with high affinity to membrane fractions prepared from these cells. These results show that TGR-1, like FM-3, is a specific and functional receptor for neuromedin U. We analyzed TGR-1 mRNA tissue distribution in rats using quantitative reverse transcription-polymerase chain reaction and found it to considerably differ from that of FM-3 mRNA. TGR-1 mRNA was primarily expressed in the uterus, suggesting that TGR-1 mediates the contractile activity of neuromedin U in this tissue. The identification of specific and functional receptor subtypes for neuromedin U will facilitate the study of their physiological roles and the search for their specific agonists and antagonists.
The bioactive peptides neuromedin U-8 and U-25 were originally isolated from the porcine spinal cord based on their powerful contractile activity in the uterine smooth muscle of rats (1, 2) . Since then, neuromedin U has been found to show various biological activities including the elevation of blood pressure and the induction of adrenocorticotropin and corticosterone release in vivo in rats (1, (3) (4) (5) (6) ). Applying our previously described strategy to identify endogenous ligands for orphan G protein-coupled receptors (GPCRs) 1 (7-9), we recently succeeded in demonstrating that the orphan GPCR, FM-3, a homologue of the neurotensin (NT) and growth hormone secretagogue receptors, is a specific and functional receptor for neuromedin U (10) . When FM-3 was expressed in Chinese hamster ovary (CHO) cells, neuromedin U induced specific and clear elevation of extracellular acidification rates, arachidonic acid metabolite (AA) release, and intracellular Ca 2ϩ mobilization. Radiolabeled neuromedin U specifically bound with high affinity to membrane fractions prepared from these cells. Our analyses for FM-3 mRNA expression levels using quantitative reverse transcription-polymerase chain reaction (RT-PCR) indicated that FM-3 mRNA was expressed highly in the small intestine and lung of rats, but only very low levels were detected in the uterus. Nonetheless neuromedin U has reportedly shown very strong contractile activity (1, 2) , and numerous binding sites have been detected in rat uterine tissue (11, 12) . We considered that this discrepancy might be due to the existence of an unknown receptor subtype for neuromedin U in the rat uterus. We therefore searched for another neuromedin U receptor subtype in addition to FM-3.
In this paper, we report on the isolation of human and rat cDNA encoding a novel GPCR, TGR-1, which has significant homology with FM-3. We found that, like FM-3, TGR-1 functioned as a specific receptor for neuromedin U. Our analyses for TGR-1 mRNA by quantitative RT-PCR in rat tissues demonstrated that it was extensively expressed in the uterus.
EXPERIMENTAL PROCEDURES
Cloning of Human and Rat TGR-1 cDNAs-Two regions with high sequence similarity to FM-3 were identified in the GenBank TM genomic DNA data base between base pairs 204,900 and 205,550 and between base pairs 138,706 and 138,828 in a single human genomic DNA sequence (accession number AC008571). The deduced amino acid sequences of both regions were found to have 56% identity with corresponding FM-3 amino acid sequences. A cDNA fragment encompassing these sequences was isolated from a human testis cDNA library (Life Technologies, Inc.) by PCR using the specific primers 5Ј-CGCCCACC-AACTACTACCTCT-3Ј and 5Ј-ACAAAGCTGAAGAAGAGTCGG-3Ј. The resultant PCR product of about 700 base pairs contained the two expected regions plus an unknown 126-base pair sequence between them, corresponding to the coding region spanning transmembrane domains 2-6. Both ends of this DNA fragment were further extended using human brain and testis Marathon ready cDNA libraries (CLONTECH) by 5Ј-and 3Ј-rapid amplification of cDNA ends procedures with adapter primers provided with the cDNA libraries in addition to the following specific primers: 5Ј-ACAAAGCTGAAGAAGAGTCGG-3Ј and 5Ј-CGCC-CACCAACTACTACCTCT-3Ј for the first PCR and 5Ј-ATGGGCTTGA-TGACCGTACAG-3Ј and 5Ј-TGTGGCGCAACTACCCTTTCT-3Ј for the nested PCR. The GPCR encoded by the human cDNA thus obtained was designated as TGR-1.
Rat TGR-1 cDNA was isolated from rat uterine poly(A) ϩ RNA. For PCR, we designed primers (i.e. 5Ј-GCTATGAAGACGCCCACCAACTA-CTA-3Ј and 5Ј-CACCACATGGACGAGGTTGAACACAGC-3Ј) and prepared a 25-l reaction mixture containing 0.2 M of each primer, a template cDNA synthesized from rat uterine poly(A) ϩ RNA, 0.4 mM dNTPs, 1.25 unit of KlenTaq DNA polymerase (CLONTECH), and 2.5 * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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l of the buffer provided by the manufacturer. PCR was conducted at 94°C for 2 min, followed by 38 cycles at 98°C for 10 s, at 64°C for 20 s, and at 72°C for 20 s. Based on the partial rat cDNA sequence obtained, we synthesized different primers and then isolated cDNA fragments covering a fully coded region by 5Ј-and 3Ј-rapid amplification of cDNA ends using these primers and a Marathon cDNA Amplification Kit. We isolated rat TGR-1 cDNA with a fully coded region from rat uterine cDNA synthesized with a Marathon cDNA Amplification Kit (CLONT-ECH) by PCR using the specific primers 5Ј-CTGATGCTATCCTTTCA-CTCTCTCAGACC-3Ј and 5Ј-TCCTTGCAGTTTTGGCACATAGATGG-A-3Ј.
Preparation of CHO Cells Expressing Human TGR-1-The entire region encoding human TGR-1 (corresponding to positions 1-1245 in the nucleotide sequence deposited in the DDBJ/EMBL/GenBank TM data base under accession number AB041228) was inserted downstream from an SR␣ promoter in the expression vector, pAKKO-111H (13) . The resultant expression vector plasmid was transfected into dhfr Ϫ CHO cells, and transformed dhfr ϩ CHO cells (CHO-hTGR-1) were selected as described elsewhere (13) .
Peptides-Porcine neuromedin U-8 and U-25 and rat U-23 were purchased from Bachem AG (Bubendorf, Switzerland). Human U-25 was synthesized by Peptide Institute (Osaka, Japan). Other peptides were purchased commercially.
AA Release Assays-AA release assays were conducted as described elsewhere (10) .
Ca 2ϩ Mobilization Assays-Ca 2ϩ mobilization assays using CHOhTGR-1 cells and mock-transfected CHO cells were conducted as described elsewhere (10) . Changes in intracellular Ca 2ϩ concentrations induced by neuromedin U were measured with a fluorometric imaging plate reader (FLIPR; Molecular Devices Corp.).
Receptor Binding Assays-Preparation of 125 I-labeled porcine U-8 and membrane fractions, and receptor-binding assays were conducted as described elsewhere (10) . The labeled ligand (concentration 100 pM) and membrane fractions prepared from CHO-hTGR-1 cells were mixed and then incubated in 100 l of the binding buffer at room temperature for 1.5 h. To determine the amount of nonspecific binding, a separate mixture was also prepared with the addition of unlabeled porcine U-8 (concentration 1 M) and incubated under the same conditions. After incubation, bound and free radioactivities were separated, and the amount of bound ligand was counted with a liquid scintillation counter.
Quantitative Analyses for Rat TGR-1 mRNA-Poly(A)
ϩ RNAs were prepared from different tissues of 8 -12-week-old Wistar rats, and cDNAs were synthesized as described elsewhere (14) . Poly(A)
ϩ RNAs of the placenta and mammary gland were prepared from female rats 17 days pregnant. We quantified rat TGR-1 mRNAs using a Prism 7700 Sequence Detector (PE Biosystems) with a primer set (i.e. 5Ј-ATCCA-TGTGGTATCAGGTGTCTTCT-3Ј and 5Ј-CGCCGAGACAGGAGGTTA-TAGA-3Ј) and a fluorescence-labeled probe, 5Ј-FAM-TATCTGAGCTC-CGCGGTCAACCCC-TAMRA-3Ј. For PCR, a 25-l reaction mixture containing a cDNA solution synthesized from 4 ng of poly(A) ϩ RNA, a 0.2 M concentration of each primer, and 0.1 M probe was prepared with a TaqMan Universal PCR Master Mix (PE Biosystems). PCR was conducted at 50°C for 10 min in order for the reaction of uracil-Nglycosylase to prevent amplification of carried over PCR products and then at 95°C for 15 min to activate AmpliTaq Gold DNA polymerase and finally for 40 cycles at 95°C for 15 s and at 60°C for 60 s for amplification. To obtain calibration curves, we amplified the known amounts of rat TGR-1 cDNA fragments in the same manner as the samples. Good linear relationships were obtained between the amount of rat TGR-1 cDNA introduced and the release of reporter dye within 1-10 6 copies. As an internal control, rat glyceraldehyde-3-phosphate dehydrogenase mRNA expression was also measured using Rodent GAPDH Control Reagents (PE Biosystems) according to the manufacturer's instructions. In most tissues, the expression of glyceraldehyde-3-phosphate dehydrogenase mRNA was 0.7 ϫ 10 5 to 1.3 ϫ 10 6 copies/ng of poly(A) ϩ RNA, except in the skeletal muscle (4.6 ϫ 10 6 copies/ng poly(A) ϩ RNA)) and costal cartilage (2.2 ϫ 10 6 copies/ng of poly(A) ϩ RNA).
RESULTS

Cloning of Human and Rat cDNAs
Encoding TGR-1-In our data base search, we found human DNA sequences that coded for a novel GPCR. Based on sequence information, we designed primers for PCR, and then from human brain and testis we isolated cDNA encoding a GPCR, which we designated as TGR-1. The predicted amino acid sequence encoded by TGR-1 had an amino acid length of 413 (Fig. 1) . In comparing amino acid sequence, human TGR-1 shared 52% identity overall with human FM-3. We subsequently isolated rat TGR-1 cDNA from rat uterus, which encoded an open reading frame with a 395-amino acid length and showed 78% amino acid sequence identity with human TGR-1 (Fig. 1) . The positions of supposed initiator methionine in human and rat TGR-1 cDNAs were determined based on analyses for optimal nucleic acid sequences for translation (15) and comparison of conserved amino acid sequences between humans and rats.
Specific Signal Transduction by Neuromedin U in CHO Cells Expressing TGR-1-Since TGR-1 has considerable homology with FM-3, we studied the effect of porcine neuromedin U-8 on CHO-hTGR-1 cells by microphysiometric assay and found that it induced a specific, dose-dependent promotion of the extracellular acidification rates in these cells (data not shown). We investigated what cellular changes were induced in CHOhTGR-1 cells by neuromedin U. As with CHO cells expressing FM-3, CHO-hTGR-1 cells showed specific, dose-dependent AA release when neuromedin U was added (Fig. 2) . In the AA release assays, rat U-23 and porcine U-25 and U-8 were almost equally potent. Their median effective concentration (EC 50 ) was 1.4 -2.0 ϫ 10 Ϫ9 M. However, that of human U-25 was seen to be slightly lower (4.0 ϫ 10 Ϫ9 M). To confirm the specific interaction of TGR-1 and neuromedin U, we applied human ghrelin, motilin, NT, and pancreatic polypeptide (PP) at 10 Ϫ7 M, but these did not cause obvious AA release in CHO-hTGR-1 cells. Since extracellular AA release is caused by the activation of phospholipase A 2 , which is closely linked to Ca 2ϩ influx, we studied changes in the intracellular Ca 2ϩ concentration of CHO-hTGR-1 cells by FLIPR assay. We found that porcine U-8 induced rapid, evident mobilization of intracellular Ca 2ϩ at doses of 10 Ϫ7 and 10 Ϫ8 M. Porcine U-8 did not induce Ca 2ϩ mobilization even at 10 Ϫ7 M in mock-transfected CHO cells (Fig. 3) . We examined the effect of neuromedin U on intracellular cAMP levels of CHO-hTGR-1 cells and found that neuromedin U partially inhibited forskolin-induced cAMP production dose-dependently (data not shown).
Specific Binding of Neuromedin U to TGR-1-
125
I-Labeled porcine U-8 bound efficiently to membrane fractions prepared from CHO-hTGR-1 cells. Scatchard analysis showed that CHOhTGR-1 cells expressed a single class of high affinity binding sites for 125 I-labeled porcine U-8 (Fig. 4) . The dissociation constant (K d ) was 2.2 ϫ 10 Ϫ11 M, and the number of maximal binding sites (B max ) was 6.8 pmol mg Ϫ1 protein. In the competitive binding assay, human, porcine, and rat neuromedin U were found to inhibit this binding dose-dependently (Fig. 5) . I-labeled porcine U-8 were incubated for 1.5 h in the presence of human U-25 (OE), rat U-23 (ࡗ), porcine U-25 (Ⅺ), and porcine U-8 (E) at the indicated concentrations. Binding assays were also conducted in the presence of human ghrelin (q), motilin (‚), NT (f), and PP (छ) at 10 Ϫ7 M. Bound and free ligands were separated by rapid filtration, and radioactivity remaining on the filters was measured. Each symbol represents the mean with S.E. in triplicate determinations.
TGR-1 mRNA distribution in various rat tissues. The highest level of TGR-1 mRNA was detected in the uterus (25 ϫ 10 3 copies/ng of poly(A) ϩ RNA) (Fig. 6 ). In the central nervous system, high expression levels were found in the hypothalamus and moderate levels in both the medulla oblongata and spinal cord (2.6, 0.7, and 1.5 ϫ 10 3 copies/ng of poly(A) ϩ RNA, respectively). Expression was low in the gastrointestinal tract. In other peripheral tissues, moderate expression was observed in the lung and ovary (0.6 and 1.1 ϫ 10 3 copies/ng of poly(A) ϩ RNA, respectively).
DISCUSSION
We isolated TGR-1 as a novel GPCR showing considerable homology with FM-3, which has been recently shown to be the cognate receptor for neuromedin U (10) . Neuromedin U showed a potent agonistic activity to CHO cells expressing human TGR-1 and specifically bound with high affinity to their membrane fractions at a K d of 22 pM. Our data clearly show that TGR-1 is a subtype of neuromedin U receptors. Since neuromedin U caused Ca 2ϩ influx and AA release in CHO-hTGR-1 cells, TGR-1 is considered to couple to G q in the signal transduction pathway similar to FM-3. Since slight inhibition of forskolin-stimulated cAMP production was also detected in CHO-hTGR-1 cells treated with neuromedin U, TGR-1 may couple not only to G q but also to G i in CHO cells.
Since it was first purified from the porcine spinal cord (1, 2), neuromedin U has been isolated from a number of species (11) . In comparing neuromedin U peptides derived from different species, the C-terminal five amino acid residues were found to be totally conserved, suggesting that this region is of major importance. It has also been reported that amidation of the C-terminal Asn is necessary for neuromedin U to exhibit biological activities (1). These facts suggest that the C-terminal region is vital for neuromedin U to interact with its receptor. TGR-1 shows significant homology with FM-3, which is reported to resemble NT and growth hormone secretagogue receptors (16) . NT and ghrelin show slight sequence homology with neuromedin U overall but do not show significant homology at their C termini (10) . In our competitive binding experiment, ghrelin showed slight but significant inhibition on 125 Ilabeled neuromedin U-8 binding to TGR-1 at 10 Ϫ7 M, although it did not show agonistic activity on TGR-1. Our results suggest that these ligands and receptors are closely related both structurally and functionally.
We previously analyzed FM-3 mRNA distribution and found it to be highly expressed in the small intestine of rats (10) . It has been reported that neuromedin U-like immunoreactivity is widely detected in the gastrointestinal tract (17) (18) (19) (20) (21) (22) (23) and that neuromedin U promotes motor response (3, 4), blood flow (5), and ion transport in the gut (6) . It has been proposed that neuromedin U exerts influence as a neuropeptide or neuromodulator rather than as a circulating hormone, because its levels in plasma are fairly low (17) . Taken together, this suggests that the reported action of neuromedin U on the gastrointestinal tract is primarily mediated by FM-3. In contrast, the expression of FM-3 mRNA was found to be low in the rat uterus (10) . In this paper, we found an extremely high level of TGR-1 mRNA expressed in the rat uterus. This is consistent with reports that, in uterine tissue, neuromedin U shows strong contractile activity (1, 2) and numerous binding sites for neuromedin U are detected (11, 12) . However, we found TGR-1 mRNA expression levels to be lower in the gastrointestinal tract. Considering these results together, the reported action of neuromedin U on uterine tissue would appear to be primarily mediated by TGR-1. It has been reported that both neuromedin U mRNA and neuromedin U-like immunoreactivity are abundantly detected in the human and rat pituitary gland (17, 24, 25) . We detected the highest level of neuromedin U mRNA expression in the rat pituitary gland (10) . It may be that neuromedin U is originally secreted from the pituitary and thereby put into circulation. However, further investigation is necessary to clarify the pathway of neuromedin U's action on the uterus.
Significant expression of TGR-1 mRNA was detected in the central nervous tissues (i.e. hypothalamus, medulla oblongata, and spinal cord), the lung, and the ovary, suggesting that TGR-1 plays important roles here. In the rat brain, neuromedin U-positive nerve fibers have been observed in the hypothalamic paraventicular and supraoptic nuclei (19, 24) . The subcutaneous administration of neuromedin U into rats has been shown to increase plasma adrenocorticotropin and corticosterone concentrations (26) . These facts suggest the involvement of neuromedin U in the control of the hypothalamo-pituitary-adrenocortical axis. We have detected only low levels of FM-3 mRNA expression in the hypothalamus, pituitary, and adrenal gland (10) . However, in the present investigation, a relatively high level of TGR-1 mRNA expression was found in the rat hypothalamus, suggesting that neuromedin U functions in the hypothalamus via TGR-1.
Our results suggest that TGR-1 and FM-3 possess different distributions and functions among tissues in vivo. The discovery of neuromedin U receptor subtypes provides valuable insight into the physiological roles of neuromedin U and the identification of neuromedin U receptor agonists and antagonists. 
